Cuticles envelope primary surfaces of the above-ground portion of plants. They function as barriers to water movement and to gas exchange, and in pathogen defense. To serve as a barrier on growing organs, cuticles must remain intact but at the same time must accommodate ongoing growth. Minimizing cuticle failure has stimulated significant research on the cuticle's mechanical properties. The objective here is to review the literature on the mechanical properties of isolated fruit and leaf cuticles. Cuticles are viscoelastic polymers. Viscoelasticity results mainly from the cutin matrix. Impregnation by waxes, flavonoids, and cutan increases stiffness and strength but decreases extensibility. On the inner side, the cutin matrix is impregnated by cell wall polysaccharides, which are responsible for its elastic behavior. Across species, the maximum forces sustainable by hydrated cuticles in uniaxial tensile tests averaged 0.82 N (range 0.15-1.63 N), the maximum stresses averaged 13.2 MPa (range 2.0-29.0 MPa), the maximum strains averaged 8.8% (range 1.6-28.0%), and the moduli of elasticity averaged 224 MPa (range 60-730 MPa). Among the environmental factors, high temperature and hydration both decreased stiffness. Therefore, the mechanical properties of cuticles in vivo depend largely on the relative proportions of their constituents. These proportions change during development and are also affected by environmental factors such as temperature.
Introduction
The outer walls of epidermal cells of all aerial organs of plants are coated with a cuticular membrane (CM) (Jefree, 1996; Riederer and Schreiber, 2001; Riederer, 2006) . The CM is comprised mainly of epicuticular wax, polymeric cutin, and embedded cuticular wax, and on its inner cell wall side polymeric polysaccharides encrusting the outer cell wall (Jefree, 1996; Dominguez et al., 2011a, b; Fernandez et al., 2016) . In fact, recently the cuticle has been considered as a lipidized epidermal cell wall region. Some CMs also contain cutan (Jefree, 1996; Bargel et al., 2006) and flavonoids (Dominguez et al., 2011b) . Barthlott, 2009; Yeats and Rose, 2013; Barthlott et al., 2017) . Last, but not least, as the outermost layer of the plant, cuticles also serve mechanical functions. The mechanical strength of the cuticle is important for the normal growth and development of plant organs. In the sometimes harsh environment in which cuticles find themselves, weak/fragile cuticles are prone to failure. This becomes economically important in horticulture, where failure leads to various defects and disorders of the fruit surface. These include cracking and russeting which reduce the attractiveness of a fruit and thus its economic value (Faust and Shear, 1972a, b; Opara et al., 1997) . Cuticle defects also increase the susceptibility of the underlying organ to fungal infection (Borve et al., 2000; Isaacson et al., 2009) . Many fungi produce appressoria that are able to pierce the cuticle with mechanical pressure (Ryder and Talbot, 2015) , while a number of fruit-rot pathogens rely simply on taking advantage of cuticle defects to gain entry (Guan et al., 2015; Gur et al., 2017) .
In the last two decades, a significant number of studies have focused on the mechanical properties of isolated cuticles. Most of these have employed the tomato fruit as a model. Tomato is a convenient model because it has a short growing cycle and is readily grown in a greenhouse to give a yearround supply of fresh material. Also, tomato cuticles are easy to isolate, robust, and easy to handle during experimentation. Besides, tomato cuticles are similar to the cuticles of other fruit crops such as apple with respect to their physical and mechanical properties (Khanal et al., 2013a; Espana et al., 2014a, b) . Only a small number of studies have utilized the cuticles of other fruit species (e.g. apple and pear; Khanal et al., 2013a, b) or those of leaves (e.g. Agave americana, Clivia miniata, Hedera helix, etc.; Wiedemann and Neinhuis, 1998; Khanal et al., 2013a) .
Our aim is to review the literature and to provide a comprehensive insight into the mechanical properties of cuticles isolated from fruit and from leaves. This includes (i) the terminology and methods employed to describe and quantify the mechanical properties of the CM; (ii) the mechanical properties of the CM of fruit and leaves and the role of CM constituents therein; and (iii) the effects of ontogeny and of environmental factors on the mechanical properties of the CM.
Mechanical parameters of the cuticle
An isolated cuticle is deformed when subjected to a tensional force. As the tensional force increases, the deformation increases up to the point of failure. This is the finding of standard procedures for tensile testing that yield a forcestrain or-when related to the cross-sectional area of the specimen-a stress-strain curve. All mechanical parameters used to describe the mechanical properties of the cuticle are derived from these relationships. Typical force-strain and stress-strain curves and the common mechanical parameters derived from either diagram are presented in Fig. 1A and B. The maximum force that the cuticle resists is defined as the maximum force (F max ; Newton, N) . From the force (F; N) and the cross-sectional area of the cuticle (A; m 2 ), the stress (σ; N m -2 or MPa) is calculated by dividing F by A. Accordingly, the maximum stress (σ max ; N m -2 or MPa) is obtained by dividing F max by A. If F is increased beyond F max , the CM fails. Therefore, the breaking force and breaking stress have been used as equivalent and alternative expressions for maximum force and maximum stress (Matas et al., 2004a, b; Bargel and Neinhuis, 2005; Matas et al., 2005; Lopez-Casado et al., 2007; Khanal et al., 2013a, b; Espana et al., 2014b) . Accurate estimates of σ max are difficult to obtain, since direct representative measurements of cross-sectional area of the cuticle test specimen are often challenging. Cuticles do not have a uniform thickness like a sheet of synthetic polymer. During development of a plant organ, the cuticle extends into the anticlinal region of the cell wall, between adjacent epidermal cells, to form cuticular pegs (for tomato, see Petracek and Bukovac, 1995; Bargel and Neinhuis, 2005; Isaacson et al., 2009; Espana et al., 2014a ; for apple, see Curry, 2009; Konarska, 2013; Khanal et al., 2014 ; for leaves of various species, see Wiedemann and Neinhuis, 1998) . In apple and tomato fruit, hypodermal development of the cuticle sometimes even encases entire epidermal and hypodermal cells (Meyer, 1944; Petracek and Bukovac, 1995; Bargel and Neinhuis, 2005 ; ) versus strain diagrams determined using uniaxial tensile tests. The slope of the force versus strain relationship corresponds to the stiffness (S in N), that of the stress versus strain relationship to the modulus of elasticity (E in N mm −2 or MPa). The maximum force (F max ), maximum stress (σ max ), and maximum strain (ε max ) are used as an estimate of the force, stress, or strain at failure. The area underneath the stress-strain curve (B) corresponds to the work of fracture (W in J m −2 ). Konarska, 2013) . Thus, cuticle thickness varies with position (anticlinal versus periclinal) which makes the measurement of the cross-sectional area or of the thickness for stress calculations difficult. Different procedures have been used to estimate the cross-sectional area. Cross-sectional area was calculated (i) from the 'gravimetric' thickness determined by measuring the mass per unit area divided by the cuticle density (for tomato fruit, CM and dewaxed CM density equaled 1.20 g cm -3 and 1.19 g cm -3 , respectively, by helium pycnometry; Petracek and Bukovac, 1995) ; or (ii) from the thickness measured using images obtained by light microscopy Neinhuis, 2004, 2005) including all layers of the cuticle that extended into the hypodermis. In tomato fruit cuticle, between 33% (Petracek and Bukovac, 1995) and 50% of total cuticle thickness is due to hypodermal development. Cross-sectional area was also measured on microscopic images of the cross-sections using image analysis (Matas et al., 2005; Lopez-Casado et al., 2007; Espana et al., 2014b) . Overestimating the cuticle's cross-sectional area results in an underestimation of the σ max and vice versa. The outer layer of the cuticle overlaying the epidermal cell walls also varies several-fold in thickness between periclinal regions above the planar surface of epidermal cells and the anticlinal region above cell-cell junctures of anticlinal cell walls. Variation in thickness may cause an unequal distribution of force/stress (higher stress in regions of the planar surface of epidermal cells than in the region of pegs) and this may result in failure (Vincent, 1990; Meyers and Chawla, 2009) .
Stiffness (S; Newton) and modulus of elasticity (E; MPa) describe the resistance of a material to deformation under load. The value of S is derived as the maximum slope of a force-strain curve and E as the maximum slope of a stressstrain curve. Both parameters are used in the literature Lopez-Casado et al., 2007; Khanal et al., 2013a, b) . In some cases, stiffness and modulus of elasticity are confused. Occasionally, stiffness is used as a more general term for the modulus of elasticity (Vincent, 1990; Bargel and Neinhuis, 2005; Espana et al., 2014b) . From a mechanical point of view, however, the term stiffness may be more useful for heterogenous polymers such as the cuticle, which probably are asymmetric due to their higher polysaccharide content in the morphological inner surface (Dominguez et al., 2011a, b) .
Work of fracture (W; J m −2
) is defined as the total energy per unit cross-sectional area required to propagate a crack or a notch already present at the onset of the mechanical test (Vincent, 1990) . The W represents the area underneath the stress-strain curve (Vincent, 1990) . In the absence of cracks or notches, the cuticle is likely to fail suddenly upon pulling. In this case, the area underneath the stress-strain curve is not a true estimate of W (Vincent, 1990) . The W is calculated from the E, σ max , and the length (l) of the notch according to Equation 1 (Niklas, 1992; Matas et al., 2004a) .
The W is used occasionally to describe the mechanical properties of the cuticle (e.g. Matas et al., 2004a, b) .
) of the cuticle equals the increase in length (Δl, m) when subjected to tension. Strain is expressed as the percentage increase in length per unit length (l 0 ) (%; Equation 2) or as a dimensionless number (m m
The maximum strain (ε max ; % or m m −1
) describes the extension of the specimen at F max .
The ε may be partitioned into elastic, viscoelastic, and plastic (syn. viscous) components. Elastic deformation is the instantaneous deformation that occurs when subjecting a specimen to a force. Elastic strain is entirely and instantaneously reversible when the force is removed. In contrast, viscoelastic strain is the time-dependent deformation that occurs when the specimen is subjected to a force. Similar to elastic strain, viscoelastic strain is reversible but in a timedependent manner. The plastic deformation represents the irreversible strain that remains after removal of the external force and when viscoelastic strain has had time to dissipate.
Methods to quantify mechanical properties of the cuticle
The most popular ways to establish the mechanical properties of a plant cuticle in vitro are uniaxial tensile tests. In these tests, cuticle samples are subjected to uniaxial tension using commercially available material testing machines (Khanal et al., 2013a) or custom-built versions thereof (e.g. Petracek and Bukovac, 1995; Bargel and Neinhuis, 2005; Lopez-Casado et al., 2007; Espana et al., 2014b) . These machines typically have a load cell for quantifying the force, and displacement sensors for detecting the movement of the cross-head. A specimen of defined width is prepared using parallel-mounted razor blades. The specimen is mounted in a clamp which is affixed to the moveable cross-head. The other end of the specimen is mounted in a similar clamp which is fixed. When a test is initiated, the load cell records the applied force, and the displacement sensor (attached to the crosshead) records the change in specimen length during the test. To prevent unintentional stress of the specimen, fragile cuticles are typically mounted in frames made of cardboard or masking tape which are then fixed in the clamps. Immediately before the test, these frames are cut open so that the cuticle alone is subjected to tension-not the frame. Using this technique, a variety of test programs may be run to characterize the rheological properties of isolated cuticles.
In the classical 'uniaxial tensile test', isolated cuticle strips are subjected to a continuously increasing tensile force until failure occurs. The extension of the cuticle and the applied force are recorded and, from these data, the force-strain or stress-strain diagram is produced Takahashi et al., 2012; Khanal et al., 2013a, b, c) . A typical test program and the resulting response are shown in Fig. 2A and B. There are a number of modifications of this test.
First, in the 'transient creep test', the force is increased in a stepwise manner where each step comprises a loading phase (where the force is applied) followed by a holding phase (where the force is held constant) (Matas et al., 2004a (Matas et al., , 2005 Lopez-Casado et al., 2007; Khanal et al., 2013b) . A typical test Fig. 2 . Diagrams illustrating classical uniaxial tensile tests and modifications thereof. (A, B) Uniaxial tensile test of an elastic material. The specimen is subjected to a force that increases linearly with time, causing the specimen to elongate. (C, D) Transient creep tests where force is increased stepwise ('loading'). Following each loading step, force is held constant during the 'holding' period. This sequence of loading and holding causes the typical strain response of the cuticle depicted in (D). During the loading phase, the cuticle extends mostly in an elastic manner. The extension occurring during the holding phase is the extension in 'creep'. From this test, it is impossible to deduce whether the extension during the loading phase is elastic. (E, F) Successive loading-unloading test comprising two phases: the loading phase during which the sample is loaded followed by the unloading phase during which the force is fully removed. Immediately after the unloading phase of the first step, the loading phase of the second step is initiated. The loading force in each successive step is increased at a constant rate. Using this test method, total strain of the cuticle can be partitioned into a reversible fraction (elastic and viscoelastic) and an irreversible fraction (plastic). (G, H) Transient creep relaxation test comprising three phases [figure adapted from Khanal et al. (2013a) ]. (i) A loading phase during which the sample is loaded. (ii) This is followed by a holding phase during which force is held constant and the sample extends by creep. (iii) Following the holding period, force is released and the sample relaxes ('relaxation phase'). The transient creep relaxation test is useful to partition strain into elastic, viscoelastic, and plastic components. The elastic component is the instantaneous deformation that is fully reversible. The creep deformation is comprised of a time-dependent reversible viscoelastic and an irreversible viscous component.
program and the resulting response are given in Fig. 2C and D. During the loading phase, the force is suddenly increased. In elastic polymers, the sudden increase in force causes a proportional increase in strain. The deformation in the cuticle during this phase is essentially elastic (Matas et al., 2004a; Khanal et al., 2013b) . During the holding phase, the applied force is kept constant for a defined period to allow a polymer to continue to deform under a constant force. The deformation during the holding phase is referred to as 'creep'. Creep strains of cuticle are attributed to viscoelastic and plastic strains (Petracek and Bukovac, 1995; Khanal et al., 2013b) .
A second modification is the 'successive loading-unloading test' (Matas et al., 2004a) . In this test, the force is increased stepwise up to the point of failure of the CM. Each step involves a loading phase, followed immediately by an unloading phase (i.e. without an intermediate holding phase). In the loading phase, the force is suddenly increased to a pre-defined level and then immediately unloaded (dropped to zero). This test allows strain to be partitioned into just two fractions: (i) the elastic strain; and (ii) the sum of the viscoelastic and the plastic strain. The strain released immediately upon force removal represents the elastic strain; the strain that remains immediately upon force removal represents the sum of the viscoelastic and the plastic strains. A typical test program and resulting response are shown in Fig. 2E and F.
The third modification of uniaxial tensile tests is the 'transient creep-relaxation test'. Transient creep-relaxation tests involve a loading phase, a holding phase, followed by an unloading phase where the force is removed. Typically, a second holding phase follows force removal. This test has been performed in single (Khanal et al., 2013b) or in multiple cycles (Petracek and Bukovac, 1995; Edelmann et al., 2005) . In a single cycle creep-relaxation test, the force is increased continuously up to some threshold (below the F max ) and then held constant for a defined period to allow the polymer to creep. Thereafter, the force is removed suddenly (unloading) and the specimen held at zero force to allow relaxation. This set-up enables partitioning of strain into (i) an instantaneous, reversible elastic strain; (ii) a time-dependent reversible viscoelastic strain; and (iii) an irreversible plastic strain. The elastic deformation equals the instantaneous relaxation upon unloading. The deformation during the holding period represents the creep strain that equals the sum of viscoelastic and plastic strains. The relaxation that occurs slowly with time equals the viscoelastic strain; the remaining fraction of creep that never relaxes equals the irreversible plastic strain. A typical test program and resulting response are shown in Fig. 2G and H. A multistep transient creep-relaxation test involves many steps of loading and holding and unloading and holding. In each successive loading step, force is increased or decreased in a stepwise manner until failure of the specimen occurs (Petracek and Bukovac, 1995) . The transient creep-relaxation test allows the elastic, viscoelastic, and plastic strains of the cuticle to be quantified (Petracek and Bukovac, 1995; Khanal et al., 2013b) .
Uniaxial tensile tests are generally simple and easy to perform, provided that the cuticles are sufficiently robust. Sweet cherry fruit cuticles have a mean thickness of ~1 µm (equivalent to 1.28 g m −2
) and are probably close to the lower limit of robustness for such tests (Knoche and Peschel, 2006; Peschel and Knoche, 2012) . However, there are some potential pitfalls. First, cuticles will probably have been stressed and strained in the course of organ development, and some of this stress is released on excision, more on isolation, and even more on wax extraction (Lai et al., 2016) . Maintaining this 'growth' stress for in vitro uniaxial tensile testing is difficult, if not impossible. Secondly, under uniaxial tension, cuticles may undergo lateral contraction, namely an increase in length that is accompanied by a concurrent decrease in width due to negative transverse strain. The negative transverse strain divided by the axial strain in the direction of extension is called Poisson's ratio (Niklas, 1992) . This lateral contraction results in higher maximum strain of cuticles in vitro as compared with in vivo conditions. Thirdly, the stresses which cuticles are subjected to in vivo are rarely uniaxial. Stress and strain resulting from growth of spherical organs, such as fruit, occur in all directions and, hence, biaxial tensile testing is more realistic. Only excised fruit skins have been investigated in biaxial tensile tests using custom devices Brüggenwirth et al., 2014) . In these systems, an excised fruit skin disk is pressurized from its morphological inner side. The extent of outward bulging and the pressure causing that bulging are quantified, and the stiffness, fracture strains, and fracture pressures are calculated. Equipment for biaxial tensile testing is not available commercially. Because of the complexity of the equipment and the mounting procedure, biaxial tensile tests with isolated cuticles have not yet been conducted. For a procedure to calculate biaxial strains from measurements of uniaxial strains (in uniaxial tensile tests), the reader is referred to Niklas (1992) .
Mimicking the rheological behaviour of plant cuticles using models from material science Force-strain diagrams of the cuticles of a range of fruits and leaves are usually in two parts. The first, approximately linear, part has a high slope, and the second, also approximately linear, part typically has a lower slope Neinhuis, 2004, 2005; Matas et al., 2005; Lopez-Casado et al., 2007; Khanal et al., 2013a) . There is no clearly defined transition point between the two parts. However, the transition between the two linear phases of the cuticles of ripe tomato fruits typically occurs at strains of ~2% or 3% . This type of force-strain relation ship is referred to as a biphasic force-strain diagram (Dominguez et al., 2011b) . Biphasic behavior has been approximated and explained by the viscoelastic model (Lopez-Casado et al., 2010) . The viscoelastic model consists of a spring element (also called a Maxwell element spring; Ebewele, 2000) which is arranged in series with a second spring element in parallel with a dashpot (also called Voigt element or Voigt-Kelvin element; Fig. 3A , B; Vincent, 1990; Schmiedel, 1992; Ebewele, 2000; LopezCasado et al., 2010) . The first spring is responsible for the elastic deformation, whereas the parallel arrangement of a spring and a dashpot is responsible for the viscoelastic deformation. This model mimics the force versus strain behavior of a viscoelastic cuticle. Some studies also identify an irreversible plastic deformation of the cuticle (Petracek and Bukovac, 1995; Khanal et al., 2013b) which cannot be explained by the viscoelastic Voigt model. To account for plastic deformation, an additional dashpot (also called a Maxwell element dashpot; Ebewele, 2000) is arranged in series with the viscoelastic model. This converts the viscoelastic Voigt model into a viscoelastic and plastic Burger model (Fig. 3C, D; Schmiedel, 1992; Ehrenstein, 1999; Ebewele, 2000) . Here, the additional dashpot is responsible for the irreversible plastic deformation.
The biphasic behavior of a force-strain diagram is indicative of elastic, viscoelastic, and plastic deformations of the cuticle (Lopez-Casado et al., 2010; Dominguez et al., 2011b) . The first linear phase is dominated by an elastic strain, and the second linear phase by combined viscoelastic and plastic strains (Dominguez et al., 2011b) . The viscoelastic and plastic components of strain can only be separated when the cuticle is allowed to relax after extension, for a sufficient period. The permanent deformation that remains after that relaxation period is the plastic strain.
Mechanical properties of cuticles of fruit and leaf cuticles of various species
Mechanical properties have been investigated in cuticles isolated from leaves and fruits of only a few plant species. Most of these studies have focused on tomato fruit cuticles, a few have examined apple fruit cuticles, but very few have examined leaf cuticles or the cuticles of other fruit species (for a detailed compilation, see Table 1 ).
There are large variations in the mechanical properties of cuticles between different species and different organs (leaf versus fruit). Even within a species and for one organ (a tomato fruit) where one might expect cuticle structure and composition to be reasonably uniform, this variability remains high (Table 2) . Across all cuticles, the F max of hydrated cuticles averaged 0.82 N (n=12, range 0.15-1.63 N), the σ max 13.2 MPa (n=27, range 2.0-29.0 MPa), the ε max 8.8% (n=28; range 1.6-28.0%), and the E 224 MPa (n=27; range 60-730 MPa). Some of these parameters are related to cuticle thickness (Fig. 4) . The S was positively and significantly related to cuticle thickness ( Fig. 4A inset) , but E was independent of thickness ( Fig. 4A) . Similarly, the F max was positively related to thickness (Fig. 4B inset) but not the σ max (Fig. 4B) . Furthermore, ε max was negatively and significantly related to cuticle thickness (Fig. 4C) . Interestingly, S, F max , and ε max are the three parameters not based on cuticle cross-sectional area, whereas E and σ max are based on cuticle cross-sectional area. The large variations in E or σ max that remain implies that there must be significant differences in chemical composition relevant to the cuticle's mechanical properties. Effect of organ development, maturation, and ripening
The physical properties and the chemical composition of the cuticle change markedly during the development of an organ. Usually, in both fruits and leaves, cuticle deposition rates per unit area are at a maximum during early organ development. This causes cuticle thickness to increase. However, during later development, the deposition pattern varies. In some crops, cuticle deposition continues until maturity, albeit at a decreased rate. Meanwhile, in other crops, cuticle deposition ceases, and this results in decreasing cuticle thickness as the surface area of the organ continues to increase (Knoche et al., 2004; Knoche and Peschel, 2007; Takahashi et al., 2012; Espana et al., 2014b; Lai et al., 2016; Segado et al., 2016) . Also, cuticle composition often changes during development, due to differential depositions of wax, phenolic compounds, polysaccharides, and cutan (Becker and Knoche, 2012; Takahashi et al., 2012; Espana et al., 2014b; Lai et al., 2016) . Furthermore, even within these classes of constituents, composition changes. For example, the ratio of C16 to C18 fatty acid monomers in the cutin changes during the development of tomato fruit (Marga et al., 2001; Kosma et al., 2010) . Young organs have more trihydroxy-C18 monomers, and older organs more C16 monomers. In addition, particularly in fruit cuticles, structural changes of potential mechanical relevance arise from development of the cuticle in the hypodermis. This cuticle development sometimes encases entire epidermal and hypodermal cells (Matas et al., 2005; Curry, 2012; Segado et al., 2016) . Stress concentrations are likely to occur when cuticles are subjected to tensile force. In a synthetic polymer, one would expect a thin region to be more stressed and more strained than a thick region (Meyers and Chawla, 2009 ). Stress concentration increases the likelihood of failure, compared with a uniform stress distribution. These conclusions imply that an increase in the average thickness, or in the mass per unit area, of a cuticle need not necessarily increase the cuticle's mechanical strength. There is no published information on the consequences of variability, either in cuticle thickness or in cuticle mass per unit area, on the mechanical properties or mode of failure of a cuticle. Effects of fruit development and ripening on the mechanical properties of the cuticle have been studied almost exclusively in tomato (Table 3 ). The CM of young fruitlets was physically weak, as indicated by their low σ max (Espana et al., 2014b) . It also exhibited purely elastic behavior (Espana et al., 2014b) . Up to ~25 days after anthesis (DAA) at the immature green (IG) stage, the E, σ max , and ε max all increased rapidly (Espana et al., 2014b) . During this phase of development, cuticle thickness increased as a result of high rates of deposition per unit area Segado et al., 2016) . Between the IG and the mature green (MG) stages, the changes in mechanical properties reported in different studies are inconsistent. The E, σ max , and ε max either decreased, remained constant, or increased slightly with time (Table 3) . During ripening, from the MG to the red ripe (RR) stages, the E increases, whereas the ε max and its elastic (Table 3) . These changes in mechanical properties coincide with the phase of rapid accumulation of flavonoids (see section below). The results obtained in tomato fruit cuticles are in general agreement with those obtained in similar studies for cuticles of apple fruits (Khanal and Knoche, 2014) and also for adaxial and abaxial leaf cuticles of mangrove (Sonneratia alba) (Takahashi et al., 2012) . Values of S, F max , and ε max of apple fruit cuticles increased by 54, 55, and 14%, respectively, between 51 and 141 days after full bloom (DAFB; Table 3 ). In cuticles of mangrove leaves, E and σ max increased during leaf expansion and maturation, whereas ε max decreased (Table 3) .
Role of chemical constituents in mechanical properties
Cuticles represent complex material composites comprising cutin, waxes, polysaccharides, phenolics, and cutan as structural components (Niklas, 1992; Jeffree, 1996; Dominguez et al., 2011a, b) . The mechanical properties of composite materials are determined by the arrangement, the relative proportions, and the physical and chemical properties of their components (Niklas, 1992) . There are large variations in composition among the cuticles of various species of fruits and leaves. For example, tomato fruit cuticles contain 2.3-5.2% wax (Petracek and Bukovac, 1995; Dominguez et al., 2009; Khanal et al., 2013a; Espana et al., 2014a) , whereas the wax content of apple fruit cuticles is ~10-fold higher (Khanal et al., 2013a) . Also, tomato fruit cuticles contained more flavonoids than those of other fruits and leaves. Lastly, cuticles of A. americana and C. miniata leaves have more cutan (Villena et al., 1999) than those of other fruit and leaves. The effects of different chemical constituents on the mechanical properties of the cuticle is discussed below.
Cutin
Cutin represents the main constituent of the cuticle. It is a polyester of oxygenated and hydroxylated C16 and C18 fatty acids (Kolattukudy, 1980; Holloway, 1993; Heredia, 2003) . The cutin matrix forms the internal skeletal structure of the cuticle, while the other constituents infill and cover over this matrix. Cutin typically exhibits viscoelastic mechanical behavior with monophasic force-strain curves (for tomato, see Lopez-Casado et al., 2007; 2010;  for apple, see Khanal Takahashi et al., 2012) . Compared with the CM, the cutin matrix has lower stiffness and strength but higher extensibility, as indicated by its lower values of S or E, lower F max or σ max , and higher ε max (Lopez-Casado et al., 2007; Takahashi et al., 2012; Khanal et al., 2013a) . Viscoelasticity is typical for the cutins of many fruit and leaf cuticles. First, in apple, values of S and F max of the cutin matrix are much lower than of the cuticle; thus, S is lower by a factor of 10-20 and F max is lower by a factor of 2-3; on the other hand, ε max is higher in the cutin matrix than in the corresponding cuticle by a factor of 2.4-7.3 (Khanal et al., 2013a, b) . Secondly, in persimmon (Diospyros kaki Thunb.), the value of E of the cuticle decreases as cutin content increases . Thirdly, in mangrove leaf cuticles, cutin contents and E values are negatively related, whereas cutin contents and ε max are positively related (Takahashi et al., 2012) . Fourthly, the value of S for tomato cuticles is much lower and that of ε max is much higher than the same parameters for apple cuticles (Khanal et al., 2013a) . Meanwhile, tomato cuticles contain much more cutin than apple cuticles (Petracek and Bukovac, 1995; Dominguez et al., 2009; Khanal et al., 2013a, b; Espana et al., 2014a) . These observations are generally consistent with the viscoelastic behavior of the isolated cutin fraction.
Wax
Waxes are mixtures of mostly long-chain (C20-C40) alkanes, fatty acids, alcohols, aldehydes, and ketones (Kunst and Samuels, 2003; Samuels et al., 2008; Dominguez et al., 2011a) .
Triterpenes, that occur in significant amounts in cuticles of some species, are considered to be part of the wax fraction (in apple fruit, Belding et al., 1998 ; in sweet cherry fruit, Peschel et al., 2007 ; in tomato fruit, Kosma et al., 2010;  in citrus fruit, Liu et al., 2012 ; in persimmon fruit, Tsubaki et al., 2013a ; in leaves of different species, Jetter and Schaffer, 2001; Bringe et al., 2006; Buschhaus et al., 2007 Buschhaus et al., , 2011 . Waxes deposited within the cutin matrix are called embedded or intracuticular waxes, while those deposited on the outer surface of the cutin matrix are referred to as epicuticular waxes. While the epicuticular waxes do not seem to affect the cuticle's mechanical properties, the intracuticular waxes do have significant effects on the cuticle's mechanical properties (Petracek and Bukovac, 1995; Khanal et al., 2013a) . When wax occupies the intermolecular spaces of the cutin matrix, the cutin matrix is strained and the mobility of its polymer chains is reduced (Petracek and Bukovac, 1995) . Warming the cuticle (to 64 °C) melts part of this wax and results in partial release of that strain (Khanal et al., 2013a) . The effects of the intracuticular waxes on cuticle mechanical properties have been investigated in a number of species (in tomato fruit, Petracek and Bukovac, 1995;  in apple fruit, Khanal et al., 2013a, c; in persimmon fruit, Tsubaki et al., 2013a ; in leaves of many species, Takahashi et al., 2012; Khanal et al., 2013a) . In general, removal of waxes from the cuticle significantly decreases the values of F max or σ max and of S or E, but increases that of ε max (Petracek and Bukovac, 1995; Takahashi et al., 2012; Khanal et al., 2013a, c; Tsubaki et al., 2013a) . These changes indicate that the deposition of wax into the cutin matrix increases its strength and stiffness, and thereby decreases its extensibility. As intracuticular wax content varies among the cuticles of different species, cultivars, and organs (leaves, fruit, etc.), the effect of the waxes on mechanical properties also varies (Takahashi et al., 2012; Khanal et al., 2013a, c) . A significant negative correlation between ε max and intracuticular wax mass was reported when making stepwise extractions of wax from 'Pinova' apple cuticles (Khanal et al., 2013a) . Similarly, there was also a significant negative correlation between ε max and wax mass, and a positive correlation between σ max or E and wax mass of the cuticles of mangrove (isolated from leaves of different ages; Takahashi et al., 2012) . Across cuticles isolated from the leaves and fruits of various unrelated species, wax content was positively correlated with S but negatively correlated with ε max (Takahashi et al., 2012; Khanal et al., 2013a, c) . These results confirm the conclusion of Petracek and Bukovac (1995) that wax acts as a filler in the cutin matrix and this filler increases its stiffness.
Polysaccharides
Polysaccharides are present in varying amounts in the cuticles of fruit (Schreiber and Schönherr, 1990; Lopez-Casado et al., 2007; Dominguez et al., 2009 ) and also in those of leaves (Schreiber and Schönherr, 1990; Takahashi et al., 2012; Tsubaki et al., 2012 Tsubaki et al., , 2013b . Polysaccharide content ranges from a high of 28% in tomato fruit cuticle (Lopez-Casado et al., 2007; Dominguez et al., 2009 ) to a low of 0.8% in mangrove leaf cuticle (Takahashi et al., 2012) . These cell wall polysaccharides (cellulose, hemicellulose, and pectin) result from the deposition and incrustation of the outer epidermal cell wall with cutin (Villena et al., 2000; Jeffree, 2006; LopezCasado et al., 2007; Takahashi et al., 2012; Tsubaki et al., 2013b) which is consistent with the interpretation of the cuticle as a lipid-encrusted outer epidermal cell wall (Fernandez et al., 2016) . Only a few studies have addressed the role of polysaccharides in the mechanical properties of cuticles (Lopez-Casado et al., 2007 , 2010 Takahashi et al., 2012) . Lopez-Casado et al. (2007) extracted polysaccharides from cuticles using anhydrous hydrogen fluoride (HF). A comparison of extracted cuticles with non-extracted controls revealed that HF extraction decreased E by a factor of 14 in dry and a factor of 6 in hydrated cuticle specimens. Meanwhile, σ max decreased by a factor of 4 in dry and a factor of 6 in hydrated specimens. The ε max increased by a factor of ~2 in dry and 1.1 in hydrated cuticles. Tsubaki et al. (2012) reported significant positive correlations between E and the polysaccharide content, but negative correlations between ε max and the polysaccharide content of cuticles of 27 cultivars of persimmon fruit. Similar relationships were reported for cuticles from mangrove (Takahashi et al., 2012) . Hence, we can conclude that polysaccharides increase the rigidity of the cutin matrix, thereby decreasing the viscoelastic strain and increasing the elastic strain. This conclusion assumes HF treatment to be selective.
Flavonoids
Phenolic compounds typically occur in cuticles (for tomato, see Hunt and Baker, 1980; Laguna et al., 1999; Dominguez et al., 2009; Espana et al., 2014a, b;  for apple, see Bramlage, 1999, 2000) . The role of phenolic compounds Table 3 . Effect of development, maturation, and senescence on the mechanical properties (stiffness, S; modulus of elasticity, E; maximum force, F max ; maximum stress, σ max ; and maximum strain, ε max ) of isolated cuticular membrane (CM)
All CMs were isolated from fruit except for those from Sonneratia alba that were isolated from leaves. Mechanical properties were assessed in uniaxial tensile tests.
Species/cultivars Effect on mechanical properties a

State of CM References
Tomato 'Cascada' 10-25 DAA: E +33%, σ max +23%, ε max +88% 25-35 DAA: E +2%, σ max +29%, ε max +58% 35-55 DAA: E +233%, σ max +75%, ε max -54%
Dry cuticle Espana et al. (2014b) Tomato'Moneymaker' 15-25 DAA: E +224%, σ max +320%, ε max +83% 25-35 DAA: E +22%, σ max -16%, ε max -23% 35-55 DAA: E +150%, σ max -6%, ε max -70%
Dry cuticle Espana et al. (2014b) Apple 'Elstar' 51 DAFB-141 DAFB: S +54%, F max , +55%, ε max +14% Hydrated Khanal and Knoche (2014) Sonneratia alba Leaf emergence to maturity: E +136%, σ max +40%, ε max -55% Leaf maturity to senescence: E no change, σ max -43%, ε max -57% Dry Takahashi et al. (2012) Tomato 'Cascada' MG-RR: E +283%, σ max +133%, ε max -22% (dry CM) MG-RR: E +56%, σ max +19%, ε max -24% (hydrated CM)
Dry and hydrated Dominguez et al. (2009) Tomato 'Cornell' MG-RR: E +173%, σ max +83%, ε max -16% (dry CM) Dry Dominguez et al. (2009) Tomato 'Gardener's Delight' MG-RR: E +213%, σ max +6%, ε max -57% (dry CM) MG-RR: E +50%, σ max +41%, ε max no change (hydrated CM)
Dry and hydrated Dominguez et al. (2009) Tomato 'Cascada' MG-RR: E +83%, σ max +24%, ε max -29% (dry CM) MG-RR: E +49%, σ max +16%, ε max -21% (hydrated CM)
Dry and hydrated Lopez-Casado et al. (2007) Tomato 'Harzfeuer' IG-MG: E -22%, σ max no change, ε max +33% MG-RR: E +162%, σ max -27%, ε max -75% Hydrated Bargel and Neinhuis (2005) Tomato 'Vanessa F1' IG-MG: E -24%, σ max -12%, ε max no change MG-RR: E +59%, σ max -20%, ε max -50% Hydrated Bargel and Neinhuis (2005) Tomato 'Roma' IG-MG: E no change, σ max +180%, ε max +133% MG-RR: E +101%, σ max -64%, ε max -79% Hydrated Bargel and Neinhuis (2005) Tomato 'Ailsa Craig'
Dry and hydrated a DAA, days after anthesis; DAFB, days after full bloom; IG, immature green; MG,mature green; RR, red ripe.
in mechanical properties of the cuticle has been investigated only in tomato, where chalconaringenin, naringenin, naringenic-7-glucoside, and flavanone are the most abundant flavonoids (Hunt and Baker, 1980; Luque et al., 1995; Dominguez et al., 2009; Espana et al., 2014b) . Phenolic acids such as p-hydroxybenzoic acid, p-coumaric acid, and ferulic acids occur in lower amounts (Hunt and Baker, 1980; Laguna et al., 1999; Espana et al., 2014b) . Flavonoids undergo characteristic changes during ripening. They increase rapidly in tomato cuticles from the MG to the RR stage, whereas p-hydroxybenzoic acid and p-coumaric acid accumulate continuously throughout development Dominguez et al., 2009; Espana et al., 2014a, b) .
Since there is no technique for removing flavonoids selectively from the cuticle (Dominguez et al., 2009) , direct comparison of cuticles with and without flavonoids is impossible. However, to establish what the flavonoid effects might be on the mechanical properties of the cuticle, comparisons have been made between ripening tomatoes (wild-type, wt) and non-ripening mutant tomatoes (nor). These differ in flavonoid accumulation during the MG to RR ripening stages. In the wt fruit, the cuticle phenolic content increases dramatically by 5-to 10-fold (Dominguez et al., 2009) or by 2.5-fold (Espana et al., 2014b) . Meanwhile, in the nor fruit, the cuticle phenolics content does not change.
Testing shows that the accumulation of flavonoids during ripening increases cuticle stiffness. Thus, in the wt fruit, the value of E increased 2.7-to 3.8-fold, but in the nor fruit the increase was only 1.2-to 1.8-fold (Dominguez et al., 2009) . Qualitatively similar effects of flavonoid content on E for the cuticle of wt fruit were reported by and by Espana et al. (2014a, b) . Espana et al. (2014b) obtained a significant positive correlation between the value of E and the flavonoid content. Consistent with these findings is the observation that preventing flavonoid accumulation during fruit ripening by transient silencing of CHALCONE SYNTHASE, an enzyme involved in flavonoid biosynthesis, resulted in marked decreases in E (Espana et al., 2014a) . However, results for σ max and ε max for the cuticle during ripening of wt and nor fruit were inconsistent (Dominguez et al., 2009; Espana et al., 2014a, b) .
Thus, flavonoids that accumulate during ripening in tomato consistently increase cuticle stiffness. Since there is no evidence for any chemical linkage between flavonoids and cutin, the effect of flavonoids would seem similar to that of the waxes. They serve as a filler of the cutin matrix that strains it, thereby increasing its stiffness (Espana et al., 2014b) .
Cutan
Cutan is a polymer of polyunsaturated fatty acid derivatives with carbon chain lengths ranging from C22 to C34. These are mostly linked by ether bonds (Jeffree, 1996; Villena et al., 1999; Bargel et al., 2006; Dominguez et al., 2011b) . Generally, cutan is considered a minor constituent of the cuticle, but the leaf cuticles of A. americana (37% cutan), C. miniata (56% cutan), and mangrove (10% cutan) are notable exceptions (Villena et al., 1999; Takahashi et al., 2012) . In fruit cuticles of persimmon, the cutan content ranges from 2% to 21% depending on the cultivar . Cutan is highly resistant against de-polymerization (saponification). It is quantified as the residue remaining after cutin de-polymerization and subsequent HF extraction (Villena et al., 1999) . We are not aware of any records that address the role of cutan in the mechanical properties of cuticles. Takahashi et al. (2012) investigated the change in mechanical properties and chemical constituents of the cuticle during leaf development of mangrove. The cutan content increased from 5% in young leaves to 10% in fully expanded mature leaves. The accumulation of cutan in the cuticle during growth was correlated with decreasing ε max and increasing E. This observation implies that cutan stiffens the cuticle in a manner similar to waxes, polysaccharides, and flavonoids.
Effect of environmental and cultural factors
In the following section, we review reports on the effects of environmental variables and cultural practices on the mechanical properties of isolated cuticles.
Temperature
The role of temperature on the mechanical properties of the cuticle was investigated in cuticles from tomato and apple fruit. An increase in temperature from 20 °C or 23 °C to 35 °C during the test resulted in decreases in E and in σ max (Edelmann et al., 2005; Matas et al., 2005; Lopez-Casado et al., 2007 , 2010 . However, the effect of temperature on ε max was inconsistent. Edelmann et al. (2005) reported increases in cuticle extensibility when tested at increasing temperatures from 20 °C to 30 °C. However, Lopez-Casado et al. (2007) found similar values of ε max at 23 °C and at 35 °C. Temperatures above 35 °C up to 45 °C had no further effects (Matas et al., 2005) . The effects of temperature on the values of E and σ max were more pronounced under low relative humidities (RHs). Values decrease with increasing RH and approach zero at 100% RH (Matas et al., 2005; Lopez-Casado et al., 2007) . Interestingly, the effect of temperature also depends on the developmental stage of the fruit. A rise in temperature from 23 °C to 35 °C had no effect on the mechanical properties E, σ max , or ε max of cuticles of MG tomato fruit (Lopez-Casado et al., 2007) .
The decrease in E and σ max of the cuticle at higher temperature is related to phase transitions (glass transition temperature) in the cuticle which take place between 30 °C and 45 °C in RR tomato fruit cuticles (Luque and Heredia, 1997) . For MG tomatoes, the phase transition temperature of the cuticle is 23 °C (Matas et al., 2004c) . Hydration of the cuticle lowers the phase transition temperature (Luque and Heredia, 1997; Matas et al., 2004c) . It has been suggested that above the glass transition temperature, the molecules of the cutin are more relaxed and dynamic because of the increase in mobility and translational motions of the aliphatic chains present in the cuticle (Edelmann et al., 2005; Matas et al., 2005) . Therefore, the cuticle deforms more easily under low stress as inferred from the lower E (Matas et al., 2005; Lopez-Casado et al., 2007) .
The effect of pre-treating apple cuticles at different temperatures prior to a mechanical test at 22 °C was studied by Khanal et al. (2013a) . There were no significant effects of temperature pre-treatments up to 40 °C on the mechanical properties of the cuticle. Pre-test exposure to temperatures from 40 °C to 80 °C, however, resulted in decreasing values of S (by 40%) with rising pre-treatment temperature and increasing values of ε max (3.2-fold). The F max of the cuticle was not affected. The effect of pre-treatment temperature was at a maximum at 80 °C. Further, the effect of pre-treatment temperature must have had to do with the wax component, as the mechanical properties of the dewaxed cuticle were unaffected by temperature pre-treatment. Apparently, it related to the melting of the intracuticular waxes between 53 °C and 64 °C (Aggarwal, 2001; Khanal et al., 2013a) . The melting of crystals of some wax fractions resulted in a release of strain of the polymer network (Vincent, 1990; Belding et al., 1998; Khanal et al., 2013a) . This melting rendered the CM more extensible.
From the above review, it is inferred that the temperature history has a significant effect on the mechanical properties of the cuticle by causing phase transitions in the cutin and by altering the morphology of the cuticular waxes thereby decreasing the stiffness of the cutin matrix.
Relative humidity
Although the cuticle is very thin (commonly between 1 µm and 25 µm thick), it is exposed to a very sharp gradient in water vapor concentration. We know that the inner surface of the cuticle is in contact with the water-saturated apoplast-and so it is (presumably) fully hydrated. Meanwhile, the outer surface of the cuticle is in contact with the atmosphere and so it is probably much less well hydrated. Further, the major portion of hydrophobic wax is located towards the outer side of the cuticle as epicuticular wax (Buschhaus and Jetter, 2011) and as intracuticular wax (Khanal et al., 2014) . This is consistent with the view that the limiting barrier within the cuticle is the crystalline intracuticular wax deposited with the cutin towards its outer side. Thus, for the most part, the cuticle is likely to be fully hydrated, but direct data on the water contents of cuticles in vivo are lacking. In a fully hydrated cuticle (in vitro), water molecules form hydrogen bonds with polar functional groups including free hydroxyl groups and non-esterified carboxyl groups present in the cutin and the polysaccharides fractions (Petracek and Bukovac, 1995; Marechal and Chamel, 1996; Dominguez and Heredia, 1999) . The number of these hydroxyl groups depends on the cutin and polysaccharide contents of the cuticle which vary among species and organs and with the age of an organ. All these factors affect the amount of water sorbed by the cuticle. According to Dominguez and Heredia (1999) , the contribution of polysaccharides to water sorption exceeded that of the cutin. Narrow macromolecular holes present in the cutin matrix can also hold water molecules (Matas and Heredia, 1999) . Water absorption in the cuticle results in swelling and softening of the cuticle, which in turn alters its mechanical properties.
Hydration of the cuticle generally decreases S or E and F max or σ max , and increases ε max (for details, see Table 4 ). The Khanal et al. (2013b) Pear 'Conference' Cuticle (mature fruit): no effect of hydration on all parameters Khanal et al. (2013b) Tomato 'Cascada' Cuticle (RR fruit): E -87%, σ max -60%, ε max +36% Cuticle MG: E -69%, σ max -22%, ε max +39% Dominguez et al. (2009) Tomato 'Gardener's Delight' Cuticle (RR fruit): E -85%, σ max -29%, ε max +133% Cuticle MG: E -69%, σ max -53%, ε max no change Dominguez et al. (2009) Tomato 'RIL115' Cuticle (RR fruit): E -80%, σ max -53%, ε max +13% Cuticle MG: E -74%, σ max -41%, ε max +38%
Tomato 'Cascade' Cuticle (RR fruit): E -75%, σ max -39%, ε max no change Matas et al. (2005) Tomato 'Ailsa Craig' wild type (wt) Cuticle (RR fruit): E -71%, σ max ~ -65%, ε max -12% Tomato 'Ailsa Craig' non-ripening mutant (nor) Cuticle (ripe fruit): E -63%, σ max ~ -15%, ε max +52% Tomato Cuticle (RR fruit): E -40%, σ max -60%, ε max no change Wiedemann and Neinhuis (1998) Yucca aloifolia Cuticle (mature leaf): E -46%, σ max -40%, ε max +20% Wiedemann and Neinhuis (1998) Clusia fluminensis Cuticle (mature leaf): E -45%, σ max -40%, ε max no change Wiedemann and Neinhuis (1998) Nerium oleander Cuticle (mature leaf): E -36%, σ max -25%, ε max -20% Wiedemann and Neinhuis (1998) Hedera helix Cuticle (mature leaf): E -55%, σ max no change, ε max +133% Wiedemann and Neinhuis (1998) Tomato 'Pik Red' Cuticle (RR fruit): F max , -49%, ε max +227% Cutin (RR fruit): F max , -41%, ε max +223% Petracek and Bukovac (1995) a MG, mature green; RR, red ripe extent of this effect on the mechanical parameters varies. The decrease in E of a tomato cuticle on hydration ranges from -40% to -87% and the decrease in σ max ranges from -29% to -65%. Meanwhile, the increase in ε max ranges from +0% to +227%. In a few cases, the ε max value will decrease (Table 4) . The effects of hydration in the cutin matrix and in the cuticle are similar (Petracek and Bukovac, 1995;  Table 4 ). The effects of hydration of fruit cuticles are qualitatively similar but quantitatively smaller in apples than in tomatoes (Khanal et al., 2013b ; Table 4 ). An exception is in pear where hydration has no effect (Khanal et al., 2013b) . Data reported for leaf cuticles are generally similar to those for those of fruit (Wiedemann and Neinhuis, 1998) . Values of E decrease on hydration, by -36% to -55%, while those of σ max decrease by -25% to -40%. The effects of hydration on ε max are inconsistent. Thus, values of ε max increase on hydration by +133% in H. helix, are not affected in Clusia fluminensis, but decrease by -20% in Nerium oleander (Table 4) .
Thus, hydration consistently lowers the values of E and σ max in almost all cuticles examined. Quantitatively, some variation in the magnitude of the response to hydration has been observed between, and also within, species. The factors causing this variation are not clear. The differential response may be related to varying ratios of C16/C18 cutin monomers or to varying contents of polysaccharides that are both known to influence the hydration properties of the cuticle (Marga et al., 2001) .
Light
There are no studies on the effects of light on the mechanical properties of cuticles. For fruit surfaces, it has been reported that exposure to sunlight stimulates coloring and increases the likelihood of sun burn and russet development compared with the shaded side of apple fruit (Faust and Shear, 1972a; Noe and Eccher, 1996; Wünsche et al., 2001) . Meanwhile, russeting is preceded by the formation of microcracks in the cuticle (Faust and Shear, 1972a) . The cause of this effect is not clear. Exposure to sunlight in vivo is probably confounded by the effects of high surface temperatures and of the duration of surface wetness. These make the interpretation of field observations of sunlight effects quite difficult.
Other factors
Essentially nothing is known about the effects of agronomic practices on cuticle deposition and mechanical properties of the cuticle. The only exception is a study on the effect of gibberellins A 4 + 7 on cuticle deposition, formation of microcracks, and on the rheological properties of isolated apple fruit cuticles 75 and 138 DAFB (Knoche et al., 2011) . Exposure to GA 4 + 7 consistently decreased water-induced microcracking of apple fruit skin but had no effects on cutin or wax deposition or on mechanical properties in uniaxial tensile tests. The mechanism for the decrease in microcrack formation most probably resided with a decrease in planar cell area and increased density of epidermal cells (Curry, 2012) . In tomato, Knoche and Peschel (2007) observed increased cuticle deposition following application of gibberellins (GA 3 and GA 4 + 7 ); there were no effects following applications of the cytokinins benzyladenine (BA) or forchlorfenuron (CPPU).
Conclusion
The mechanical strength of the cuticle plays a pivotal role in maintaining the barrier function of the plant surfaces. This is particularly important in fruit even though the mechanical strength of the fruit skin composite is usually dominated by the dermal tissue (Matas et al., 2004a, b; Bargel and Neinhuis, 2005; Brüggenwirth et al., 2014; Khanal and Knoche, 2014) . In fruit, the ongoing increases in volume until late in development subject the skin to ongoing and increasing straining. This pattern is particularly challenging for the polymeric cuticle. The underlying cellular layers are able to accommodate the ongoing strain by cell division and expansion. Considerable progress has been made in understanding the mechanical properties of the cuticles and the mechanistic basis of their growth and behavior since the first pioneering study of the cuticle's mechanical properties by Petracek and Bukovac in the mid-1990s (Petracek and Bukovac, 1995) . The body of mechanical data on cuticles now available is much larger but it has become narrowly focused on tomato as the model plant. Only recently has information also started to become available on the cuticles of other species. The methods (equipment, test procedures, and hydration status of the cuticle, determination of cross-sectional area of the test specimen, etc.) employed to quantify the mechanical properties of cuticles have varied. This diversity of methodology is likely to be a major reason for the large intraspecies and intracultivar variations in mechanical properties of cuticles reported in this review. Comparison of cuticles from different species reveals that mechanical properties depend, at last in part, on cuticle thickness (S and F max ). Also, as indexed by variations in E and σ max , the mechanical properties also depend on the relative proportions of the cuticular constituents. These constituents often change during organ development, with increasing amounts of wax, flavonoids, polysaccharides, and cutan leading to increased cuticle stiffness and strength but decreased cuticle extensibility. In some species such as apple, the continuing cutinization of epidermal and hypodermal cell walls leads to an encasing of entire cells in the cuticle and, hence, to an increasing contribution of cell wall polysaccharide to the mechanical properties. Among the external factors affecting cuticle properties, the effects of RH and temperature were both negatively correlated with cuticle stiffness and strength and positively correlated with cuticle extensibility. Since the cuticle, for the most part, is probably fully hydrated in vivo, the effect of relative humidity of the environment may not be all that critical in vivo. Surprisingly, there are no studies on the effects of light or the effects of agrochemicals on mechanical properties and cuticle integrity. Considering the importance of intact plant surfaces in horticulture, many of these factors merit further study.
